Laser-assisted nuclear photo-effect 
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Proton emission from nuclei via the nuclear photoeffect in the combined electromagnetic fields 
of a 7-ray photon and an intense laser wave is studied. An S-matrix approach to the process is 
developed by utilizing methods known from the theory of nonperturbative laser-atom interactions. 
As a specific example, photo-proton ejection from halo nuclei is considered. We show that, due to 
the presence of the laser field, rich sideband structures arise in the photo-proton energy spectra. 
Their dependence on the parameters and relative orientation of the photon fields is discussed. 
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I. INTRODUCTION 

Studies of the nuclear photoeffect have provided im- 
portant insights into the structure of the nucleus. The 
research field was opened with the experiments by Chad- 
wick and Goldhaber on the photodisintegration of the 
deuteron where 7-rays from a radioactive source were uti- 
lized [1]. Systematic investigations of the nuclear photo- 
effect were carried out by Bothe and Centner in Heidel- 
berg which relied on high-energy 7-rays produced with 
the aid of an accelerator Q. Modern experiments on 
photonuclear reactions typically apply energetic photons 
from synchrotron radiation, electron bremsstrahlung or 
Compton backscattering sources [3[. 

Due to an enormous and still ongoing technological 
progress during the last two decades, intense photon 
beams from powerful laser sources are emerging nowa- 
days into a novel tool for photonuclear studies |J|. For 
example, a facility devoted particularly to laser-nuclear 
physics is currently being constructed as part of the Ex- 
treme Light Infrastructure project 0, @|. 

Direct interactions of laser fields and nuclei are usually 
very weak because of the large mismatch between the 
relevant energy scales. Typically, the laser photon en- 
ergy as well as the electric work performed by the laser 
field over the nuclear extension are by orders of mag- 
nitude smaller than the nuclear level spacing [7j. Indi- 
rect laser-nucleus coupling schemes have therefore mostly 
been considered which are mediated by secondary par- 
ticles such as electrons. Prominent examples are nu- 
clear reactions in laser-produced plasmas [j, [|[ where, 
in particular, photofission and photoneutron production 
through high-energy bremsstrahlung by laser-accelerated 
electrons have been observed [9(. Besides, theoreticians 
have investigated laser-assisted internal conversion lCfl. 
nuclear reactions via electron- bridge mechanisms @, HI , 
and nuclear Coulomb excitation in laser-driven atoms 
12]. A possibility of lifetime measurements on short- 
lived excited levels in proton-rich isotopes via laser-driven 
streaking of emitted protons has been proposed [l]| . In 
view of the ever increasing available laser intensities as 
well as frequencies also prospects for direct laser-induced 
nuclear reactions are nowadays being explored. Reso- 



nant photoexcitation of nuclear transitions may occur 
when an intense x-ray laser pulse interacts with a coun- 
terpropagating nuclear beam of moderately relativistic 
energy [14J. Laser- induced dynamic nuclear Stark shifts 
[IH and excitation of nuclear giant dipole resonances [l6[ 
have been examined as well. 

Apart from laser-induced reactions, also laser-assisted 
processes are of interest. These are processes which can 
already occur without the presence of a laser field but 
may be modified when a laser field is present. Exam- 
ples are the laser-assisted internal conversion [Io| and 
the laser-assisted nuclear excitation by electron transi- 
tion (Tl| mentioned above. In general, the requirements 
on the laser field parameters in order to cause a sizeable 
effect are substantially less demanding for laser-assisted 
than for direct laser-induced nuclear processes. 

Laser-assisted processes have been studied thoroughly 
in atomic phyics. They comprise, for instance, laser- 
assisted scattering of x-rays, electrons, and ions on 
atomic targets p7H13 |. In particular, the laser-assisted 
photoelectric effect in atoms has been investigated inten- 
sively [20] . Characteristic modifications of the photoelec- 
tron spectra due to the presence of the laser field have 
been found. Corresponding experimental studies [2l| 
have been rendered feasible in recent years by the avail- 
ability of synchronized optical and extreme-ultraviolet 
(XUV) beams, with the latter being produced by free- 
electron lasers or high-harmonic generation. The inverse 
of the laser-assisted atomic photoeffect is laser-assisted 
radiative recombination of electrons with ions [22j . 

In the present paper we consider the laser-assisted nu- 
clear photoeffect. That is, photo-proton emission from 
a nucleus which is subject to the combined electromag- 
netic fields of a 7-photon and an intense laser beam. We 
assume that the 7-photon energy exceeds the proton sep- 
aration energy, w 7 > Eb, and study modifications of the 
7-induced proton emission in the presence of an intense 
laser field of relatively low frequency, u>o <C Eb. Re- 
garding the nuclear species, we focus our consideration 
on one-proton halo nuclei because they possess low pro- 
ton separation energies [2314261 ]. Moreover, their struc- 
ture allows us to develop a theoretical treatment of the 
photo-proton emission which is similar to laser-assisted 
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photoionization in atoms 20, 22] . Symbolically, the pro- 
cess under investigation may be written as 



Xp] 



A- 

Z- 



-ip, 



(i) 



where n denotes the number of laser photons involved. 
We shall show that the assistance by the laser field may 
have a substantial impact on the photo-proton energy 
spectra, which are significantly broadened and obtain a 
rich structure. 

The paper is organized as follows. In Sec. II we derive 
the quantum mechanical amplitude for the laser-assisted 
photoeffect in halo nuclei. The strong-field approxima- 
tion will be used, describing the emitted photo-proton in 
the laser field by a Volkov state. An analytical expression 
for the cross section of the process is given which involves 
a summation over the number n of participating laser 
photons. Our numerical results are presented in Sec. Ill 
which demonstrate the characteristic influence exerted 
by the assisting laser field on the photo-proton emission. 
The physical origin of the various effects is discussed and 
their dependences on the parameters of the photon fields 
and their relative orientation is analysed. We conclude 
with a brief summary and outlook in Sec. IV. 

Natural units with h = c = Eq = 1 are used throughout 
unless otherwise stated. 



II. THEORETICAL FRAMEWORK 

In this section, we develop a theoretical model to de- 
scribe the nuclear photoeffect by an incident 7-photon 
in the presence of a background laser field. Our ap- 
proach is inspired by existing theoretical treatments of 
laser-assisted photoionization of atoms [2(J [H| . We will 
restrict the consideration to halo nuclei with a weakly 
bound outer proton because this exotic nuclear species 
possesses low proton separation energies. 

The laser field is assumed to be a circularly polarized, 
monochromatic wave of frequency u>o- It is described by 
the time-dependent vector potential 



A L (t) = A Q [cos (oj Q t) ei + sin (ui t) e 2 ] , 



(2) 



with amplitude ylo. The corresponding amplitude of the 
laser electric field is Fq = wo^o- The unit vectors ej 
(j = 1,2) are orthogonal to each other, e 1 • e% = 0. 
Note that in Eq. ^ the dipole approximation has been 
applied which disregards the spatial field dependence. 
This approximation is well justified because, for the laser 
parameters under consideration, the scale of the spa- 
tial field variations - which is set by the laser wave- 
length Ao = 2tt/u>o - is much larger than both the nu- 
clear size oo and the laser-driven excursion amplitude 
£0 ~ ei 7 b/(™^o) °f the emitted proton in the continuum; 
m denotes the proton mass. Hence, the proton experi- 
ences a field which is quasi-constant in space. 



A. Derivation of S-matrix 

The Hamiltonian describing the evolution of the halo 
proton in the combined fields of the laser beam, the 7- 
photon, and the nuclear core reads 



H 



±. (>- eA L (t) - el 7 (r,t)) 2 + V nuc (r) . (3) 



Here, p = — iV is the momentum operator of the proton, 
e the proton charge, and Vnuc the potential of the nu- 
clear core. Besides, the vector potential of the incident 
7-photon with energy w 7 , momentum fc 7 , and polariza- 
tion vector e is 



I 2tt 

VjOJ-y 



(4) 



within the normalization volume V-y. The relevant in- 
teraction Hamiltonian contained in Eq. ([3]), which is re- 
sponsible for 7-photon absorption by the nucleus, is given 
by 



(•5) 



i?int = [P- eA L (t) ■ A^f.i) 



It can lead to the ejection of the halo proton from the 
nucleus into the continuum. The corresponding S matrix 
is 



Sfi = -%l (tf/l-Hhrtl**)*. 

-OO 



(G) 



In order to make progress, several approximations may 
be employed. First, since the laser field will exert only 
a minor influence on the halo proton bound to the nu- 
clear core, the initial state of the halo proton may be 
approximated by a stationary field-free state in the nu- 
clear potential Vnuc, 



iE b t 



(7) 



with the nuclear binding energy —Ej,. Assuming that the 
halo proton is in an s-state, the space dependent par t can 
be expressed approximately in Yukawa form as [24| 



Co 



4tt fir 



(8) 



with /3 = v\J2mEb, where v is a free parameter of or- 
der unity which is adjusted to reproduce the measured 
value of the halo root-mean-square radius. The normal- 
ization constant, guaranteeing that (<fo>|0o) — 1) amounts 
to Co = \/2/3 3 . We point out that the approximation of 
the wave function in Eq. (jHJ is not unique. But, accord- 
ing to Hartree-Fock calculations [27], it is appropriate 
for describing the main halo properties such as the large 
spatial extension of the halo-proton density. 

Second, when the energy of the ejected proton is rel- 
atively high (as compared with the nuclear binding en- 
ergy), the core potential will have a rather small effect on 
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the final proton state in the continuum. The influence of 
the laser field on this state, however, may be substantial 
and cannot be ignored. Consequently, the final state may 
be approximated by a Volkov state, \&j(f, t) ~ ipp(r,t), 
which exactly accounts for the interaction of the laser 
field with the ejected proton. It is a solution to the time- 
dependent Schrodinger equation 



at 

and reads 

Vy(r, t) = 



*J^p(r, t) = ^- (#- eA L (*)) 2 ^(r, t) (9) 



exp , 
V I 2m 



t r 



p-eA L (t!) dt'\. (10) 



Here, p denotes the proton momentum outside the field 
and V is a normalization volume. Note that the lower 
integration boundary to gives rise to an immaterial con- 
stant phase factor which may be dropped. 

The approximations applied to describe the initial and 
final states are known in atomic physics as strong-field 
approximation (SFA). The S-matrix of Eq. © thus be- 
comes Spo, with 



m 1/ VjUi 7 



dt / d 6 rr f (r,t) 



x (p - eAi) • ee^-r-^Mr) e lEbt . (11) 

Before we proceed, we point out that we have disregarded 
a gauge factor of the form exp(— ieAj, ■ r) in the initial 
state in Eq. ([TT]) (see, e.g., [19]). This is justified in the 
present case since we will restrict our consideration to 
field amplitudes Aq < 1 MeV, whereas the relevant range 
of the space integral in Eq. (|TT|) is limited to r < ao < 
10 fm due to the presence of the bound nuclear state. 
Thus, \Al ■ r\ < 10 -2 and the gauge factor is practically 
unity. 



B. Analytical evaluation of S- matrix 

The strong-field approximated S'-matrix in Eq. (jlip 
can be evaluated by analytical means. In view of the 
temporal integral we note that, by inserting Eq. ([2]) into 
Eq. (I10[) and evaluating the integrals in the exponent, the 
Volkov state of the photo-proton may be written - after 
complex conjugation - as 



-Vp-T 



exp 



P 

2m 



U T> )t 



fit), (12) 



with the time-dependent periodic function 
f(t) = exp — i («! sinwo^ — a 2 coswoi) 



Here, we have introduced the abbreviation 



eFn 



(13) 



(14) 



with pj — p ■ ej (j = 1,2). Besides, the ponderomotive 
energy of the photo-proton is given by 



2muj, 



(15) 



It represents the cycle-averaged kinetic energy of the pro- 
ton in the laser field. 

We note that f(t) may also be written as 



f(t) =exp[-«asin(u;ot-7/o)], 



(16) 



with a = \/ oi\ + a\ and tjo = arctan(a2/«i). By ex- 
ploiting the Jacobi- Anger identity (28|, we can expand 
f(t) into Fourier series 



+oo 



/(t)= Yl B » 



-inujQt 



(17) 



n— — oc 



with the Fourier coefficients given by B n = J n (a)e mT, ° , 
where J„ is a Bessel function of the first kind of integer 
order n. Similarly, we find 



COS (U! t)f(t) = ^ C ™ e ~ 



inojQt 



n— — oo 



Bin(wo*)/(«) = D n e- m ^\ (18) 



n— — oo 



with 

D n = ~ [j„+i(a)e'(" +1 )* - Jn-^a^-^o] . (l 9 ) 
Hence, the S'-matrix (fTTI) adopts the form 

m y n f-^ y 



x / dt 



(20) 



Here, we introduced 



M n =£-pB n -eA E 1 C n -eA e 2 D n , (21) 

with Ej = e- Sj (j = 1, 2). 

From Eq. (j2"0|) it becomes transparent, that the time in- 
tegral will result in a delta-function which ensures energy 
conservation in the process. Further, the space integral 
produces the Fourier transform of the bound halo state. 
By setting q '= p '— fc 7 , it reads 



(22) 
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We finally obtain the following expression for the S- 
matrix 

S P0 = --^L £ M n G(\p-k 7 \) 



X 5 ^— + U p + E b - ujy - nw , (23) 
\2m J 

where no represents the smallest integer that is in ac- 
cordance with the energy conservation condition. The 
delta-function fixes, for each laser photon number n, the 
absolute value of the emitted proton momentum at 



Pn = \J ^rn (w 7 + JIWq - Up - E b ) 



(24) 



I.e., no is the smallest integer which leads to a positive 
value of the expression under the root. 



C. Photonuclear cross section 

The total cross section for the laser-assisted nuclear 
photo-effect is obtained by squaring the S'-matrix in 
Eq. (|23p . integrating over the final proton momentum, 
and dividing out the 7-photon flux j = l/V 7 and a unit 
time T: 



1 



V d 3 p 
(2tt) 3 



>%ol 



(25) 



In accordance with the summation over the number of 
exchanged laser photons in Eq. (|23|) . also the total cross 
section decomposes 



+00 



(26) 



into a sum over partial cross sections a n . They are given 
by 



2mw. 



7 JO 



dip p Pn Ml G(|p„-fc 7 |) 2 (27) 



with p n = p„(sin(9cos<^, sin(9sin(/>, cos#). Due to the 
energy-conserving delta- function in Eq. (l23l) , the compu- 
tation of the partial cross section reduces to an integra- 
tion over the emission angles of the photo-proton, which 
can be carried out by numerical means. 



III. NUMERICAL RESULTS AND DISCUSSION 

Based on Eqs. (|2"6")l and (|27p . we have performed nu- 
merical calculations of the laser-assisted nuclear photo- 
effect in halo nuclei. In what follows, we will consider 
throughout the one-proton halo isotope 8 B (23l - [25| . It 
has a lifetime of about 770 ms and may, thus, be consid- 
ered stable on the femtosecond to nanosecond time scales 



of intense laser pulses. The proton separation energy is 
very low and amounts to E b = 137 keV (24{. For the 
root-mean-square distance in the 7 Be-proton system we 
employ the value R lms ~ 4.73 fm [25[ and, accordingly, 
set v = 1.84 in Eq. flS}. 

The incident 7-photon is assumed to have a relatively 
high energy of oj 1 = 3 MeV in order to guarantee that the 
nuclear core potential V nuc in Eq. ([3]) has a rather small 
influence on the proton in the continuum. The 7-photon 
propagates into the x direction and is polarized along the 
z axis, e = e z . We note that 7-photons of several MeV 
energy can be produced today through bremsstrahlung 
of laser-accelerated electron bunches [29j ■ An experimen- 
tal setup to probe the laser-assisted nuclear photoeffect 
could therefore rely on two sources of intense laser radi- 
ation: one to generate the 7-rays and the second one to 
provide the assisting laser field. 

Several laser frequencies in the XUV and x-ray do- 
mains with various intensities have been applied in order 
to reveal the dependence of the process on these param- 
eters. The polarization vectors of the laser field have 
almost always been chosen as e\ = e y and e*2 = e*z [see 
Eq. @]. Hence, the polarization vector of the 7-photon 
lies in the polarization plane of the circularly polarized 
laser field. Additionally, in Section III.C another polar- 
ization plane of the laser is considered in order to study 
the relevance of the field geometry. 

We briefly comment on the current status of high- 
intensity laser sources operating in the XUV and x-ray 
regimes. The FLASH facility (DESY, Germany), which 
is based on a free-electron laser, produces brilliant pho- 
ton beams with XUV frequencies of luo ~ 100 eV at peak 
intensities up to ~ 10 17 W/cm 2 [30]. The free-electron 
laser at the Linac Coherent Light Source (SLAC, Stan- 
ford) is presently able to generate x -ray photon beams 



3 If . A substantial 



with uj q - IkeV at - 10 18 W/cm 2 
further increase of the attainable peak intensities is en- 
visaged at both facilities. High-intensity coherent XUV 
and x-ray pulses can also be created through harmonic 
emission from laser-irradiated plasma surfaces [32[ . 



A. Transition from perturbative to 
nonperturbative laser-proton coupling 

Figure [1] shows the partial cross sections <j n as a func- 
tion of the number n of emitted (n < 0) or absorbed 
(n > 0) laser photons. The laser frequency lies in the 
x-ray domain and amounts to ojq = 2 keV. The laser in- 
tensity varies between ~ 10 21 -10 24 W/cm 2 . Note that 
the distributions shown in Fig. Q] reflect the energy spec- 
tra of the emitted proton: at a given value of n, the 
proton energy is E n = cj 7 + uujq 
of protons with this energy amounts to (Jn/o~ 

In the absence of a laser field, the photo-proton energy 
spectrum would consist of a single line located at w 7 — 
E b 2.86 MeV. As Fig. [T] illustrates, the presence of the 
laser field leads to sidebands in the energy distribution 



Up — E b . The fraction 
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which surround the central line and are equally spaced 
by a laser photon energy lo q . 

When the laser intensity is relatively low, only the first 
few sidebands show up [see Fig. HJa)]. Their height, as 
compared with the central line, is suppressed because the 
laser-proton interaction represents here a small perturba- 
tion only. The expansion parameter of the corresponding 



perturbation series is given by 
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FIG. 1: Distributions of the partial cross sections a n for 
laser-assisted proton emission from fB, as a function of the 
number of absorbed (n > 0) or emitted (n < 0) laser pho- 
tons. The circularly polarized laser field has a frequency of 
cjo = 2keV. Its intensity amounts to (a) J = 4.0xl0 21 W/cm 2 , 
(b) I = 1.0 x 10 23 W/cm 2 , and (c) I = 2.5 X 10 24 W/cm 2 , re- 
spectively. The 7-ray photon has an energy of w 7 = 3MeV; 
its polarization vector lies in the polarization plane of the 
laser. 



On 



(28) 



where p majc denotes the maximum value of the photo- 
proton momentum component in the polarization plane 
of the laser field. It enters into the partial cross sec- 
tion <t„ as maximum argument of the Bessel function 
J n (a). Since J n {x) w A (|) for x <C 1 at n > and 
J- n (x) = (— 1)™ J n {x) [28|, higher photon orders are sup- 
pressed when the expansion parameter is small. In par- 
ticular, the first and second sidebands visible in Fig.QJa) 
are reduced by relative factors of <j±\/(Jq ~ a max/4 ~ 
0.05 and a±2/<Jo ~ ~ 10 -3 , as compared with 

the central line. 

As Fig. [ljb) shows, when the laser intensity is in- 
creased, the number of sidebands grows. Besides, the 
contribution from the sidebands to the total cross sec- 
tion (|26p can be comparable or even exceed the contri- 
bution from the central line. When the laser intensity is 
increased even further, an extended plateau of sidebands 
of similar height arises [see Fig. [He)]. Here, the value of 



the coupling parameter 



has raised to a n 



2.4, 



indicating that a transition from perturbative to nonper- 
turbative laser-proton coupling has occured. In terms 
of the photo-proton energy, the plateau covers the range 
from about 2.84 MeV to 2.88 MeV. Note that the value 
of the ponderomotive energy is small, U p ~ 2 eV. 

We point out that the total cross section in Figs.QJa)- 
(c) is always the same, a = J2 n a n « 63.4 mb. Hence, 
while the presence of the laser field distributes the photo- 
proton energies over a broad range, it does not affect the 
total probability of the process. For comparison we note 
that an estimate of the total cross section based on the 
Bethe-Peierls formula [33[ yields a value of about 20 mb 
and, thus, agrees with the prediction from our model by 
the order of magnitude. 



B. Fully nonperturbative laser- proton interaction 

In Section III. A we have seen that the coupling be- 
tween the emitted proton and the x-ray laser field be- 
comes stronger when the laser intensity is enhanced. By 
inspection of the coupling parameter (|28l) we may expect 
that the interaction strength grows further when the laser 
frequency is decreased. This is confirmed in Fig.[2]where 
the distribution of the partial cross sections a n is dis- 
played at an XUV laser frequency of ljo = 100 eV and 
a field intensity of I = 6.25 x 10 21 W/cm 2 (and oth- 
erwise unchanged parameters). The laser-proton inter- 
action exhibits a highly nonperturbative character now 
which is related to a large value of the coupling param- 
eter, a max ss 238. A multitude of sidebands appears, 
forming a quasi-continuous distribution and featuring 
several maxima whose height is growing towards the side 
wings. Hence, the 7-induced proton emission proceeds 
most likely with the simultaneous absorption or emission 
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-250-200-150-100-50 50 100 150 200 250 
Number of Laser Photons n 

FIG. 2: Same as Fig. [l] but for a laser frequency of cjo 
inn rV at intensity I = 6.25 x 10 21 W/cm 2 . 

of hundreds of laser photons. The cutoff of the distribu- 
tion at |n| > 240 may be traced back to the properties of 
the Bessel functions J„(a) of large order which quickly 
approach zero in the region where \n\ > a 28]. The 
proton energy varies between 2.84 MeV and 2.88 MeV, 
accordingly. 

The width of the distribution in Fig. [5] can be under- 
stood by a classical-physics consideration. Let us con- 
sider a proton moving freely in an external laser field of 
the form The initial proton momentum outside the 
field is denoted as p. Then the classical instantaneous 
energy of the proton in the field is 

E ?{t) = |- + u p - — [Pi cos(^oi) + P2 Bin(wo*)] (29) 
2m m 

which shows an oscillatory temporal behavior. The am- 
plitude of these oscillations is largest, when the proton 
momentum lies in the polarization plane of the laser 
field. Accordingly, the proton energy can vary within 
the boundaries 

f + U P -^<E st (t)<f + U v + ^, (30) 
2m mujQ 2m mcuo 

resulting in an energetic width of AE = 2eFop/(mu)o). 
The same width of the distribution of photo-proton ener- 
gies E n = uj-y + nujQ — Up — E(, results in the quantum de- 
scription of the process. There, it follows from the max- 
imum number of laser photons involved in the process 
which is given by n max ~ a mH . The latter corresponds to 
a total laser photon energy of n max wn ~ eFop max / (mwo) 
which is either absorbed from or emitted into the laser 
field. 

Concluding this section, we point out that a photo- 
proton energy spectrum with a total width of 40keV as 
in Fig. [2] would also result from the assistance of an opti- 
cal laser with a frequency of ljq — 2 eV and an intensity 
of I = 2.5 x 10 18 W/cm 2 . Such field parameters are avail- 
able today from powerful table-top laser systems. While 



the general appearance of the proton spectrum will be 
similar to the one in Fig. [3J its numerical calculation is 
substantially more involved due to the very large number 
n ~ 10 4 of laser photons participating in the process. 



C. Dependence on field geometry 

Finally, we address the question how the relative ori- 
entation of the laser field with respect to the polarization 
direction of the 7-photon influences the proton emission. 
So far we have considered the situation where the 7- 
photon polarization vector lies in the polarization plane 
of the circularly polarized laser field [in the notation of 
Eqs. (0 and e 1 — e y , e 2 = e — e z }. Figure [3fa) 
shows a corresponding distribution of the partial cross 
sections a n for a laser frequency of ujq — 200 eV and a 
laser intensity of 6.25 x 10 21 W/cm 2 . It extends over an 
energetic width from about 2.85 MeV to 2.87 MeV. 

In contrast, when the 7-photon polarization is perpen- 
dicular to the polarization plane of the laser (e\ = e Xl 
e*2 = e y , e = e z ), with all other parameters remaining 
unchanged, the distribution in Fig. |3Jb) results. While 
the total widths of both distributions are the same, their 
shapes are qualitatively different. The distribution in 
Fig. |3fa) exhibits a rich structure with maxima at the 
outer edges, as we have seen before in Sec. III.B. Instead, 
for the field configuration of Fig. |3Jb), the distribution 
possesses a smooth bell-shaped form with the maximum 
lying at the center. 

The distinct dependence on the relative field orienta- 
tion can be understood by noting the following points: 

(i) from the usual photoeffect it is known that, in the 
nonrelativistic domain, the photo-proton is preferentially 
emitted under small angles around 9 ss with respect to 
the polarization direction of the 7-photon [33]; 

(ii) the coupling strength between the proton and the 
laser field depends on the proton momentum component 
within the laser polarization plane [see Eq. ([28]) ]. 

Therefore, in our notation, the majority of protons 
is emitted with a large momentum component p z (as 
compared with p x and p y ) and it matters whether this 
component lies inside or outside the polarization plane 
of the laser. When p z lies inside the laser polariza- 
tion plane, then the laser couples strongly to the proton 
and the Bessel function argument is, on average, large 
(a oc cos 9). This renders the emission or absorption of a 
large number of laser photons very likely, leading to the 
pronounced side wings in Fig.[3][a). 

When, instead, the 7-photon polarization is perpen- 
dicular to the polarization plane of the laser, the laser- 
proton coupling is mediated through the relatively small 
momentum components p x and p y , so that the Bessel 
function argument is mostly small (a oc sin0). As a con- 
sequence, it is more probable that the proton emission 
proceeds with participation of only a small number of 
laser photons whereas high photon orders are surpressed 
[see Fig. Mb)}- 
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Number of Laser Photons n 



0.9 h 




Number of Laser Photons n 

FIG. 3: (a) Same as Fig. [TJ but for laser frequency ujq — 
200 eV and laser intensity I = 6.25 x 10 21 W/cm 2 ; (b) Same 
as (a) but the laser field is polarized in the x-y plane, i.e., 
perpendicularly to the polarization direction of the 7-photon. 

Before we proceed to the conclusion, we note that all 
calculations of Sec. Ill have also been performed by ap- 
plying another form of the bound halo state in order to 
test the sensitivity of our predictions to the particular 
choice of the Yukawa wave function in Eq. ©. To this 
end, a "hydrogen-like" 2s state has been employed which 
is often used to model the neutron halo in 11 Be [34{. Only 
very small differences were found. For instance, when the 
2s state is used, the resulting total cross section deviates 
from the value given above by a few percent. Thus, the 
particular form of the bound halo wave function has only 
a minor influence on our results. 



IV. CONCLUSION AND OUTLOOK 

Photo-proton emission from halo nuclei subject to the 
combined fields of a 7-photon and an intense, circularly 



polarized laser wave has been investigated. An S'-matrix 
theory within the framework of the strong-field approxi- 
mation as known from atomic physics was presented and 
applied to the laser-assisted photoeffect in 8 B. It was 
shown that the presence of the laser field may substan- 
tially influence the energy distribution of the emitted pro- 
ton. The transition from perturbative to nonperturbative 
laser-proton interaction was illustrated and the fully non- 
perturbative regime was discussed. Here, the width of 
the energy distribution is determined by the maximum 
classical kinetic energy which the proton may gain (or 
loose) in the laser field. The width therefore scales with 
the amplitude of the laser vector potential. For the field 
parameters under consideration, the total cross section of 
the photo-proton emission is not affected by the presence 
of the laser field. 

In summary, the laser-assisted nuclear photoeffect 
shares many similarities with its atomic-physics counter- 
part [13, [H|. We emphasize that, while our theory has 
been designed for application to one-proton halo nuclei, 
qualitatively similar effects can be expected for laser- 
assisted photo-proton emission from ordinary nuclei as 
well. 

As an outlook, we note that further analogies between 
atomic and nuclear processes in strong laser fields may 
exist. For example, the inverse of the laser-assisted nu- 
clear photoeffect would be radiative proton capture by a 
nucleus in the presence of a laser field. The correspond- 
ing process in atomic physics is laser-assisted radiative 
recombination of electrons with ions 22]. This process 
also represents the final step in high-harmonic generation 
from atoms or molecules in external laser fields m. At 
future high-intensity laser facilities, corresponding pro- 
cesses could be stimulated in nuclei as well. At optical 
laser intensities oi I > I0 24 W/cm 2 as envisaged at the 
Extreme Light Infrastructure [6j , the laser-driven proton 
dynamics would even become relativistic. 
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